Aims/hypothesis Despite the fact that diabetic nephropathy is an increasingly common disorder that may lead to uraemia, the underlying mechanisms are still poorly understood and there is no specific therapy. To clarify whether long-term diabetes alters glomerular size-or charge-selectivity or both, we studied non-obese diabetic mice for up to 40 weeks. Materials and methods During the study period, spot urine was collected and blood pressure measured. At weeks 10 and 40, the right kidney was isolated and perfused at 8°C to inhibit tubular function, allowing for analysis of glomerular selectivity with albumin and Ficoll clearance. The left kidney was removed for further investigation using electron microscopy and molecular biology. Real-time PCR with low-density arrays was done to evaluate renal cortex mRNA expression of proteoglycans and other components in the glomerular barrier. After 40 weeks of diabetes, kidneys showed morphological changes typical of diabetic complications. Results At 40 weeks, the fractional clearance for negatively charged albumin was three times higher in the diabetic animals (0.0160) than in controls (0.0051, p<0.001), while fractional clearance for neutral Ficoll 35.5 Å with a Stokes Einstein radius similar to that of albumin was unaffected. In addition, protein and mRNA levels for versican and decorin were downregulated after 40 weeks of diabetes. Conclusions/interpretation We conclude that glomerular charge-but not size-selectivity was impaired in the diabetic animals with proteinuria. Also, glomerular components such as versican, decorin and fibromodulin were found to be downregulated after 40 weeks of diabetes.
Introduction
Worldwide, diabetic nephropathy is the most common cause of chronic kidney disease. Albuminuria is a hallmark of diabetic nephropathy, reflecting impairment of the glomerular capillary wall. Under normal conditions, the glomerular barrier restricts the passage of macromolecules such as albumin, while it is highly permeable to water and small solutes. The underlying mechanisms leading to proteinuria are still poorly understood, although the importance of the podocyte for glomerular integrity has been clearly documented [1] [2] [3] . Consequently, there is no specific therapy for diabetic nephropathy.
It is generally agreed that the glomerular barrier has both size-and charge-selective properties. However, the structures responsible for the permselective properties are under debate. For a long time the glomerular basement membrane (GBM) has been considered to be the main barrier for filtration. More recently, focus has shifted to the podocytes, since several novel proteins in the podocyte slit diaphragm have been found to be important for the barrier function [1] [2] [3] . In addition, we have suggested a role for the glomerular endothelial cell glycocalyx [4] [5] [6] [7] [8] [9] [10] , an idea supported also by others [11, 12] .
Previous studies have suggested that proteinuria in diabetes originates from alteration of either size- [13] [14] [15] [16] or charge-selectivity [13, [17] [18] [19] [20] [21] or both [22, 23] . Much of the controversy over this issue may be due to methodological differences and limitations. Thus, in vivo studies of proteinuria in patients or animals all have the major disadvantage that proteins can be reabsorbed, secreted or degraded in the tubules. Consequently, the protein concentration in the final urine may differ considerably from that of primary urine. To overcome these limitations, one may use the inert polysaccharides dextran or Ficoll as markers instead of albumin. Alternatively, the tubular processes may be inhibited by toxins [24] , but such drugs seem to affect permeability per se [25] . At present, one of the most reliable estimates of glomerular filtration is obtained by using the cooled isolated perfused kidney (cIPK) model, either in rats [4, 8, 26] or in mice [9] .
We have recently shown that human glomerular endothelial cells produce several different proteoglycans [10] and that hyaluronan and/or chondroitin sulphate in the glomerular endothelial cell glycocalyx are important to maintain charge-selective properties in the barrier [9] . In diabetic nephropathy, studies have suggested that decreased synthesis of heparan sulphate proteoglycans [27] [28] [29] [30] such as perlecan [31] is the reason for altered barrier function. Perlecan and agrin are the major proteoglycans in the GBM, both carrying heparan sulphate. However, genetically modified mice lacking heparan sulphate chains on perlecan did not develop proteinuria [32] . Thus, studies concerning the role of proteoglycans in normal and diabetic kidneys are still incomplete. The aim of this study was to assess functional, molecular and morphological changes of the glomerular barrier in non-obese diabetic (NOD) mice after 10 and 40 weeks of diabetes.
Materials and methods

Animals and animal treatment
Experiments were performed in female NOD mice (M&B, Stensved, Denmark), a strain that spontaneously develops insulin-dependent diabetes mellitus. The mice were kept on standard chow and had free access to water prior to the experiments. The local ethics review committee approved the experiments.
Diabetic NOD mice, aged 10-12 weeks at arrival, were observed for 10 weeks (D10) and 40 weeks (D40) while receiving insulin s.c. via implants (Linbit; Linshin Canada, ON, Canada) to maintain their blood glucose between 20 and 33 mmol/l. At the end of the study, the left kidney was removed for electron microscopy and molecular biology, and the right kidney subjected to the cIPK procedure. NOD mice at 25 weeks of age, which had not yet developed diabetes at the breeders (blood glucose <10 mmol/l), were used as controls and observed 1 week prior to the cIPK study.
Urine samples were collected once for controls or every third week for diabetic mice, and blood glucose (One Touch Ultra; Johnson & Johnson, Stockholm, Sweden) and mouse weight were recorded. Systolic blood pressure was measured with a tail-cuff (Harvard Apparatus, Edenbridge, UK) on two consecutive days every third week.
Urinary albumin and creatinine
Albumin was determined in spot urine using ELISA (Bethyl Laboratories, Montgomery, TX, USA) with mouse albumin (ICN Biomedicals, Irvine, CA, USA) as standard. All urine samples were corrected for the urinary creatinine concentration measured with a creatinine assay (Sigma Diagnostics, Sigma-Aldrich, Dorset, UK).
Isolated perfused kidneys at 8°C (cIPK)
Anaesthesia was induced and continued by inhalation of isoflurane (2-3% v/v; Isoflurane; Pharmacia & Upjohn, Stockholm, Sweden) mixed with air (∼1 l/min) in an isoflurane vaporiser (Ohmeda Isotec 5; Simtec Engineering, Askim, Sweden). The body temperature of the mouse was kept at 37°C. The carotid artery was cannulated with a PE-10 cannula connected to a pressure transducer (PVB Medizintechnik GmbH, Kirchenseeon, Germany) for registration of arterial pressure. The mouse was eviscerated and the intestines removed. A cannula (PE-25) was put into the bladder for collection of urine. The left renal vein and artery were ligated and the left kidney was removed for molecular biology and electron microscopy. The aorta and caval vein were clamped distal to the renal arteries and the aorta was cannulated in a retrograde direction with a T-tube (PE-25), connected to a pressure transducer. The clamp was removed, allowing perfusion of the right kidney by means of a pulsatile pump (Ismatec IPC, Zurich, Switzerland). The aorta was then ligated proximal to the renal arteries and the caval vein was opened for venous outflow distal to the renal arteries. The animal was killed by cutting the heart ventricles open. After a short period of equilibration, urine samples were collected and weighed. Great care was taken not to touch the kidneys and to provide adequate perfusion with either blood or perfusate during the preparation procedure. The temperature of the perfusate was kept at 8°C in order to inhibit tubular function as well as energy consumption. Arterial pressure and urine weight changes were monitored by computer using AcqKnowledge v 3.7.3 (Biopac Systems Inc., Goleta, CA, USA) computer software. 
Analysis of Ficoll
The fractional clearance for different radii of FITC-Ficoll was calculated by subjecting perfusate and urine samples to gel filtration (TSK-gel G4000PW XL ; Tosoh Bioscience, Stuttgart, Germany) and detection of fluorescence (Dionex fluorimeter RF-2000; Dionex Softron, Gynkotek, Germering, Germany) using Chromeleon (Gynkotek) software. A 0.05 mol/l phosphate buffer with 0.15 mol/l NaCl (pH 7.0) was used as eluent. A volume of 5 μl from each sample was analysed at an excitation wavelength of 492 nm and an emission wavelength of 560 nm. The flow rate (0.5 ml/min) and the sampling frequency (1/s) were maintained constant during the analysis and so were pressure (∼2 MPa) and temperature (8°C).
The gel-membrane model
According to the gel-membrane model, the glomerular barrier is simplified to one charge-selective barrier (gel) and one size-selective barrier (membrane) in series. The gel is in contact with plasma and contains fixed negative charges, reducing the concentration of anionic solutes, such as albumin. The membrane exerts size-selective properties.
The concentrations of a solute in the urine will depend on the effects of these two barriers as outlined below. Sizeselective properties can be described by using a two-pore model with experimental fractional clearances for Ficolls with a molecular radius range of 12-70 Å. In brief, the exchange was estimated using the following parameters: the functional small-and large-pore radii, the large-pore fraction of the glomerular filtrate, and the unrestricted area divided by diffusion distance [33] . By using a non-linear regression analysis and a previously defined set of physiological equations [8] , model parameters were fitted to the experimental fractional clearances for neutral Ficolls (12-70 Å). Non-linear flux equations were used to calculate net fluxes of fluid and solutes for the small-and large-pore pathways individually. For calculation of charge-selectivity, the fractional clearances for the negatively charged albumin and its neutral counterpart of the same Stokes Einstein radius, Ficoll 35.5 Å, were compared. For further details on calculations, see Ohlson et al. [8] .
Real-time PCR RNA was prepared from fresh frozen renal cortex using the Qiagen mini kit (Roche Diagnostics, Bromma, Sweden).
The concentration and quality of the RNA were evaluated by the Agilent 2100 bioanalyser (Nano LabChip; Agilent Technologies, Waldbronn, Germany). Synthesis of cDNA was carried out using 1 μg of the RNA in an avian myeloblastosis virus reverse transcriptase (AMV RT) buffer with AMV RT, dNTP (deoxy-CTP, -GTP, -TTP and -ATP), random hexamers and RNase inhibitor (all reagents from Roche Diagnostics) in a final volume of 20 μl. The reaction conditions were 5 min at 25°C and 50 min at 42°C, followed by 5 min at 70°C. The mRNA level of each target gene (Table 1) was quantified by real-time PCR on an ABI Prism 7900 Sequence Detection system (Taqman; Applied Biosystems, Foster City, CA, USA) using the low-density array (LDA) or 96-well plates (for TGF-β 1 ). The PCR was carried out in a reaction mix containing 50 ng sample cDNA and Taqman universal PCR master mix (containing MgCl 2 , dUTP, dATP, dCTP, dGTP, Taq Gold polymerase and AmpEraseUNG). The AmpEraseUNG was activated before the denaturing step by heating for 2 min at 50°C. Samples were denatured at 95°C for 10 min and then subjected to 40 cycles of two-step PCR, 15 s at 97°C and 1 min at 60°C. The LDA detects 23 genes in one run in duplicate, including endogenous controls (18S and β-actin) and was designed including primer and probes for the genes summarised in Table 1 . All LDA samples were run in duplicates giving a mean from four reactions for each gene. All samples were averaged from the corrections with the two endogenous controls (18S and β-actin). The comparative ΔΔC T method of relative quantification was used to calculate for differences in gene expression using the software for ABI Prism 7900 Sequence Detection system (Applied Biosystems). Samples run in 96-well plates were amplified simultaneously in triplicate in one assay run. Standard curves were computed for all genes (TGF-β 1 and β-actin) from a series of dilutions from 3.125 through to 200 ng (seven concentrations). For each sample, the amount of TGF-β 1 and β-actin was determined from the corresponding standard curve.
Protein expression
Protein concentrations in renal cortex lysates were determined using a BCA Protein Assay Reagent kit (Pierce, Rockford, IL, USA). Protein samples for versican detection were pretreated with enzymes (all from Sigma-Aldrich): chondroitinase ABC (0.1 U/sample), heparitinase I (10 U/sample) and heparitinase III (1 U/sample) in ABC-buffer (100 mmol/l Tris-acetic acid, 10 mmol/l EDTA, 3 mmol/l CaCl 2 , pH 7.3) for 14 h at 37°C, in order to remove glycosaminoglycan chains. Protein lysates were separated on NuPAGE 4-12% Bis-Tris gels (Novex, San Diego, CA, USA) for decorin, podocin and TGF-β 1 and on NuPAGE 3-8% Tris-acetate gels (Novex) for versican. After electrophoresis the proteins were transferred to polyvinylidene difluoride membranes (decorin, podocin and TGF-β 1 ) or nitrocellulose membrane (versican). Membranes were blocked and immunological detection was done using the following primary antibodies: rabbit anti-versican (kind gift from Dr D. Zimmerman, Department of Pathology, Zurich, Switzerland), rabbit anti-podocin (Sigma-Aldrich), rabbit anti-decorin, rabbit anti-TGF-β 1 and rabbit anti-GAPDH (all from Abcam Ltd, Cambridge, UK) as loading control. Horseradish peroxidase-conjugated anti-rabbit IgG (Amersham) was used to visualise immunoreactive bands with enhanced chemoluminescence (ECL plus; Amersham) in a CCD camera (LAS1000; Fujifilm, Tokyo, Japan). Immunohistochemistry was performed on acetone-fixed 4-μm fresh-frozen tissue sections. Sections for versican staining were pretreated with 0.5 U/ml chondroitinase ABC (Sigma-Aldrich). Double-staining was performed with primary antibodies towards versican (Chemicon Europe, Hants, UK) and decorin as described above, together with the endothelial cell marker goat anti-von Willebrand factor (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA).
Morphological estimations
GBM thickness was measured in electron micrographs where the thickness was defined as the distance between the podocyte foot process and the corresponding endothelial cell. To ensure proper cross-sectioning, a slit diaphragm between the foot processes had to be visible as well as a single layer of endothelial cells. Sclerotic areas were 
Results
General
The mice had a mean body weight of 26.9 g (26.0-27.8), 29.2 g (28.4-29.9) and 28.9 g (27.3-30.4) for controls, D10 and D40, respectively. No increase in systolic blood pressure over time could be seen. Diabetic animals had a systolic blood pressure of~140 mmHg throughout the study (Fig. 1) . The blood glucose was 12.4 mmol/l (7.5-17.3), 24.3 mmol/l (20.5-28.1), and 24.5 mmol/l (22.8-26.1) for controls, D10 and D40, respectively. Diabetic mice showed a significant increase in glomerular surface area and periodic acid-Schiff-positive staining as estimated with light microscopy. Using transmission electron microscopy the GBM thickness was measured and found to be significantly increased in both diabetic groups compared with controls (p<0.001). In addition, D40 increased the kidney weight significantly (p<0.01). Data regarding glomerular morphology are summarised in Table 2 and GFRs from the cIPK are described in Table 3 .
Permselectivity of the glomerular barrier
Albuminuria was constant and similar for controls and diabetic animals until week 24. Thereafter, diabetic animals showed a significant increase in albumin:creatinine ratio (p<0.001, Fig. 2) .
The fractional clearance for albumin in the cIPK was found to be significantly increased at D40 (p<0.001, Table 3 ). There was no difference in fractional clearances for Ficoll 35.5 Å, the neutral counterpart of albumin, compared with controls ( Table 3 ). The fractional clearances for all Ficoll sizes (12-70 Å) are shown in Fig. 3 . To further describe the glomerular barrier, mathematical estimations were performed using the data above and the fractional clearances for all Ficoll sizes (12-70 Å) in a gel-membrane model, including two-pore analysis and calculations of glomerular charge density. The two-pore analysis showed no increase in small-or large-pore radii in diabetes, thus reflecting unaltered size-selectivity (Table 4) Fig. 4 , Table 1 ). The mRNA regulation of decorin and versican was confirmed at the protein level by western blotting and their localisation in the glomerulus was investigated by immunohistochemistry ( Fig. 5 ). In addition, we found no regulation of TGF-β 1 and podocin mRNA or protein (protein data not shown).
Discussion
In this study, we present the most extensive analysis to date of glomerular size-and charge-selectivity in mice with long-term diabetes. The functional alterations behind albuminuria were further examined by observing the gene expression of components of the glomerular barrier. Our main findings are as follows. Firstly, albuminuria in diabetic nephropathy is a consequence of altered chargeand not size-selectivity, as revealed by the gel-membrane model. Thus, the fractional clearance for neutral Ficolls of 12-70 Å was not affected by diabetes, whereas the clearance for albumin was raised threefold. Secondly, versican was significantly downregulated at D10 and D40. In addition, decorin and fibromodulin were significantly downregulated at D40 (Fig. 4, Table 1 ), i.e. when there was significant albuminuria. In the NOD mouse, which is an established model of spontaneous insulin-dependent diabetes mellitus [34, 35] , morphological changes and temporary hyperfiltration at D10 [36, 37] preceded the albuminuria that, in our hands, was apparent after 27 weeks. In humans, diabetic nephropathy is a late complication occurring progressively in susceptible patients after 15-30 years of diabetes, which probably corresponds to 25-30 weeks in mice when considering their shorter lifespan. Several previous papers have described glomerular filtration of proteins in vivo and interpreted the results in terms of size-and/or charge-selectivity. Albeit an attractive approach, in vivo studies of proteinuria in patients or animals all have the major disadvantage that proteins can be reabsorbed, secreted or degraded in the tubules, thus underestimating the filtered albumin. Since tubular modification of the primary urine is dependent on molecular size, charge and configuration, it is difficult to predict the final composition of the urine. Furthermore, diabetic patients and animal models of diabetes have been shown to have a clear reduction in the capacity of the proximal tubule to reabsorb albumin [38] . As our results show, this will give an apparently larger diabetic effect on albumin filtration in vivo than in the cIPK model. Cooling the kidneys, during the perfusion, inhibits tubular function [39, 40] and protease activity, thus giving a primary urine without tubular modifications. To be fair, the isolated perfused kidney model also has certain limitations and the number of large pores seems to be higher than in vivo. This, however, does not affect our conclusions based on differences between the experimental groups.
In our study, there was an increased albumin clearance without any change in Ficoll clearance, indicating glomerular charge-selectivity impairment. The results regarding pore sizes and charge density in controls are well in accord with previous studies in our laboratory on rats [8, 25, 41, 42] and mice [9] , both in vivo and in the cIPK model. The fractional clearance for Ficolls larger than~50 Å is approximately one order of magnitude larger in the cIPK compared with in vivo. This probably reflects an increased number of large pores following the isolation procedure [9] . However, all conclusions are based on differences between Fig. 2 Means and 95% CIs for albumin:creatinine ratio for control (open squares, n=10) and diabetic (black squares, n=7-23) mice. Until week 9 both D10 and D40 are included. a p<0.001 compared with control the three experimental groups subjected to the same procedure. Therefore, the changes observed in the diabetic animals reflect true alterations of the glomerular barrier.
Proteinuria in diabetes has been suggested to originate from alteration in either size- [13] [14] [15] [16] or charge-selectivity [13, [17] [18] [19] [20] [21] or both [22, 23] . As mentioned above, our data support the view that the charge density is reduced in diabetic nephropathy. There was a tendency for reduced size-selectivity but the increased number of large pores did not reach statistical significance. There are several reasons for the discrepancy in the literature regarding charge-and size-selectivity in diabetic nephropathy. Firstly, it may be due to differences in methodology, since measurements of glomerular permeability in vivo and in vitro have limitations as discussed above. Secondly, there may be species differences or differences due to the mechanisms behind the diabetes. Finally, the studies differ in severity of disease and time of observation. In the present long-term study in mice, proteinuria was caused by a reduced glomerular charge density with no significant change in size-selectivity.
The second objective of this study was to couple the observed functional changes to molecular alterations. Thus, we investigated two podocyte-specific proteins (nephrin and podocin) together with proteoglycan core proteins, TGF-β 1 , protein kinase C and matrix metalloprotease-9. The reason for our interest in proteoglycans is that they seem to play a crucial role in the microvascular permeability in all organs, including the kidney [9, 43] . One of the most prominent changes induced by diabetes was the decreased expression of versican, decorin and fibromodulin. Versican is an extracellular matrix proteoglycan with chondroitin sulphate chains that are able to bind hyaluronic acid [44] . We have recently found it to be expressed by human glomerular endothelial cells [10] and versican is most likely a component of the endothelial cell glycocalyx. Furthermore, in previous studies we have shown that digestion of hyaluronic acid and/or chondroitin sulphate in the glomerular endothelial cell glycocalyx increases the fractional clearance for albumin [9, 43] . Thus, downregulation of the highly negatively charged versican may cause altered glomerular endothelial cell glycocalyx composition and reduced charge-selectivity. However, versican was also downregulated at D10, where the fractional clearance for albumin was unaltered. Thus, further studies are needed to explore the role of versican in diabetic nephropathy and other glomerular disorders. Our finding of a downregulation of the decorin core protein at D40 is consistent with the notion that this protein binds and neutralises extracellular TGF-β, thus antagonising the prosclerotic effect of this cytokine [45, 46] . The biological functions of fibromodulin are largely unknown; however, fibromodulin also binds to active TGF-β [47] . Previous studies have reported an upregulation of decorin mRNA in the early phase (1-6 weeks) of diabetes in mice [48] . Indeed, at D10 we observed a tendency towards an upregulation of decorin (Fig. 4) and the changed decorin expression corresponds with changes in the fractional clearance for albumin. However, data in the literature regarding decorin expression in long-term diabetes are incomplete. In this study, we could not find any changes in mRNA and protein levels of TGF-β 1 . Therefore, in these animals, proteinuria and GBM thickening seem to be mediated through a different pathway than TGF-β. In summary, this study reveals that diabetic nephropathy alters the composition of the glomerular barrier, thus leading to reduced charge-selectivity and proteinuria. Versican is markedly downregulated in diabetic animals. In diabetes with proteinuria, versican, decorin and fibromodulin were found to be downregulated. Our findings support the idea that proteinuria in diabetic nephropathy is due primarily to altered charge-selectivity. This suggests that diabetic nephropathy may be treated by interfering with proteoglycan synthesis and degradation.
